94143 opening. One goal of the present study was to quantify age-dependent changes in the strength of quantal synaptic inputs to RGCs in the retina of mouse, a mammal that is being increasingly used for studies of the develSummary opment and plasticity of the visual system. responses. We also recorded spontaneous synaptic inhave reached adult levels by the time of eye opening. puts to the RGCs, using whole-cell patch pipette methNonetheless, several previous studies do show a conods. We found that dark rearing reduces RGC responses tinued maturation of visual responsiveness in retina after and oscillatory components of the ERG. Additionally, eye opening. In retinal ganglion cells (RGCs) of cat and dark rearing decreases the surge in the rate of spontanerabbit, the centers of the receptive fields shrink and ous synaptic inputs, which occur with a delay after eye the surrounds become much more prominent with age opening. These results reveal that light plays a role in 
). These data, taken from two different aged groups of control during on responses to the onset of a 1 s step of light was taken as a measure of response amplitude for each cyclic light-reared (12 hr darkness:12 hr light) animals, indicate that maturational changes in light-evoked recell (cf. Wang et al., 2001 ). The delay between the light onset and the time of peak frequency was defined as sponsiveness of mouse RGCs occur after eye opening (‫ف‬P14). The differences between the two groups were the time-to-peak. Data were taken from both ON and ON/OFF cells. These two classes comprise more than highly significant for both the amplitude increase (p Ͻ 0.0001) and the time-to-peak decrease (p Ͻ 0.0001). 98% of the cells recorded in each experiment. Spike frequency histograms ( Figure 1A) show the light-evoked Similar post eye opening developmental changes in the amplitude and timing of light-evoked responses of ferret changes in spike frequency of a RGC recorded from a P13 and another from a P30 animal. The peak frequenRGCs were described recently (Wang et al., 2001 ). Developmental regulation of either the intrinsic excitability cies of the responses were 46 and 60.1 Hz, respectively, for the younger and older animal. The times-to-peak of RGCs or the strength of synaptic inputs could account for these maturational shifts. By the time of eye opening were 165 ms and 95 ms, respectively. On average, the peak frequency was 45 Ϯ 1.5 Hz (mean Ϯ SE, n ϭ 935) in rodents and cats, all RGCs generate spikes in response to current injection and full complements of voltin the P10-P15 animals and 58 Ϯ 2.2 Hz (n ϭ 452) in age-dependent sodium and potassium channels are exidea that light plays a role in the maturation of synaptic function in young animals. pressed (Robinson and Wang, 1998) . Therefore, it is more likely that the maturational changes in response amplitude and latency result from alterations in synaptic
The Frequency of Spontaneous Synaptic Inputs inputs to the RGCs.
to Retinal Ganglion Cells Rises More Than Dark rearing decreases the peak amplitude and in-4-Fold after Eye Opening creases the time-to-peak of RGC light-evoked reWe recorded spontaneous EPSCs (excitatory postsynsponses. In these following experiments, mice were dark aptic currents) and IPSCs (inhibitory postsynaptic curreared from birth until the time of recording (P27 to rents) in RGCs to ascertain whether the developmental P30). The light-evoked on responses of RGCs from these and dark rearing-induced effects on light-evoked reanimals were compared to those of an age-matched sponses shown above are expressed at the level of group of control animals raised in cyclic light (P27-P30; synaptic inputs. First, we determined the time course of Figure 1B ). The percentage of light responsive RGCs the development of synaptic inputs to RGCs in postnatal were comparable in the two groups, as judged by the animals raised in cyclic light. Then, we investigated the number of cells that fired action potentials spontaneeffect of dark rearing on their development. The sEPSCs ously in the dark and which also fired additional action and sIPSCs are synaptic events generated by the ranpotentials in response to light (574/607 in the darkdom quantal release of neurotransmitter from the prereared group and 452/481 in the cyclic light-reared synaptic bipolar and amacrine cells, respectively. To group). However, on average, the peak frequency of on quantify the efficacy of these inputs, we measured the light responses in the dark-reared animals was 17% frequencies, amplitudes, and kinetics of each synaptic lower (48 Ϯ 1.7 Hz versus 58 Hz; p ϭ 0.003). Also, the event type in individual RGCs in slice preparations of time-to-peak was 110% longer in the dark-reared aniretinas from P10-to P152-aged mice. Examples of these mals (113 Ϯ 1.5 ms versus 103 Ϯ 1.7 ms; p Ͻ 0.0001; synaptic events, seen as transient, downward deflec- Figure 1C ). The lowest trace in Figure 1A shows an tions in voltage-clamp records, are shown in Figure 3A . example of a light response from an RGC in a darkRepresentative records, from a P15-, a P25-, and a P152-reared mouse.
aged mouse expose the much higher rate of events in the P25 mouse. The overall frequency of events, which includes both glutamatergic-and GABA/glycine-mediDark Rearing Reduces Inner Retinal Components ated events, was low before and shortly after eye openof Flash-Evoked ERGs ing (51 Ϯ 15 events/min for P10-P15 and 59 Ϯ 30 events/ To gain insight as to where the effects of dark rearing min for P16-P21). The frequency, however, rapidly inmight manifest themselves in the developing retina we creased greater than 4-fold during the interval from P22 compared ERGs from dark-and cyclic light-reared anito P27 (281 Ϯ 108 events/min). These data demonstrate mals. The b-wave of the ERG (Figure 2A ) is a measure of extensive age-related changes in synaptic inputs to ON bipolar cell function and reflects both photoreceptor RGCs after eye opening. This novel observation of a and synaptic function in the outer plexiform layer of the surge in the rates of spontaneous inputs to RGCs after retina (Stockton and Slaughter, 1989) . The oscillatory eye opening is unlikely related to correlated spike bursts potential (OP; Figures 2A and 2B) , which reflects interacobserved in mouse and ferret retina since the correlated tions among bipolar, amacrine, and ganglion cells, is a spike bursts cease well before eye opening (Wong, measure of inner retinal function (Wachtmeister, 1998 (Wachtmeister, ). 1999 ). Previous studies in cat and rabbit concluded that the b-wave was resistant to the effects of visual deprivation (Baro et al., 1990; Reuter, 1976 Figure 3B shows the frequency of sEPSCs as a funcis that the probability of release from the presynaptic neurons is augmented. An alternative explanation for tion of age. The average frequency for 5 days before the apparent increase in event frequency is that the and 5 days after eye opening was 34 Ϯ 10 events/min detectability of events is enhanced due to an age-(P10-P15) and 42 Ϯ 22 events/min for P16-P21. This dependent increase in the amplitude of individual frequency increased Ͼ4.5-fold during the interval P22-events. Consistent with this explanation, a recent study P27 (195 Ϯ 77 events/min). The rate declined monotoniin the mouse visual system demonstrated that there cally to reach adult levels by ‫ف‬P60. Figure 3C Figure  3b . An ANOVA test indicates that the difference of the average frequency among these eight groups is not statistically significant (p ϭ 0.0717), although the differences between the age P22-P27 and P10-P15, P34-P39, P60-P99 and P100-P152 are statistically significant (p varied from 0.0471 to 0.0069). "n" ϭ number of cells per age group. "a" ϭ number of animals in each group. insufficient to explain the surge in frequency. Given that amplitudes and decay time constants of the spontaneous events. Figure 5B shows that the average amplitude the amplitudes of sEPSCs and sIPSCs altered signifiof sEPSCs in dark-reared animals was 6.39 Ϯ 0.3 pA cantly with age, it might be argued that the age-depencompared to 6.53 Ϯ 0.39 pA for age-matched control dent increase in frequency could be attributed to the animals. The amplitude of sIPSCs was 6.56 Ϯ 0.58 pA formation of new bipolar/RGC or amacrine/RGC synversus 5.77 Ϯ 0.21 pA. These control and dark-reared apses. However, in mouse retina, bipolar and amacrine amplitudes were not significantly different (p ϭ 0.77 and synapses remain essentially constant in number after 0.32, respectively). Figure 5C shows that the average eye opening (Fisher, 1979a were not significantly different (p ϭ 0.4 and 0.98). We Events in RGCs find no evidence of any differences in the amplitudes The rates of synaptic events were determined in mice or decay time constants of the sEPSCs or sIPSCs due which were dark reared from P5 up to ages between to dark rearing. Previous studies found that the number P23 and P28. This protocol significantly reduced the of anatomically identified presynaptic synapses in the average frequency of sEPSCs. The rate fell to 35% of inner plexiform layer is either unchanged or slightly eleage-matched control animals raised in cyclic light (from vated by dark rearing (Fisher, 1979b; Sosula and Glow, 194 .9 Ϯ 77 to 69.1 Ϯ 15.7 events/min; p ϭ 0.044; Figure  1971 ). Therefore, we propose that light-evoked activity 5A). The mean frequency of sIPSCs was lower in the plays a long term modulatory role in controlling quantal dark-reared animals, but the change was not statistically release from the bipolar and probably amacrine cells, significant (85.7 Ϯ 31.2 events/min versus 41.2 Ϯ 12 as well. events/min; p ϭ 0.122). To test whether the frequency If effects of dark rearing on light-evoked responses changes could be attributed to post-or presynaptic (Figures 1 and 2 ) and spontaneous synaptic inputs (Figure 5) share a common mechanism, this would imply alterations in synaptic transmission, we measured the that the regulation of evoked and spontaneous release 5D). However, the rates of synaptic events measured 7 to 10 days after return to cyclic lighting recovered fully should be correlated. A previous study of synaptic transmission at individual synapses did reveal that the rates to levels comparable to age-matched animals raised entirely in cyclic light ( Figure 5D ). These findings indicate of random events were strongly associated with the magnitudes of evoked responses (Prange and Murphy, that, in spite of pronounced reductions of spontaneous synaptic inputs induced by 2 weeks of visual depriva-1999). Therefore it seems reasonable to assume this correlation applies to the synaptic inputs to RGCs. tion, they recovered fully. This prolonged time period required for recovery is consistent with synaptic reorganization that requires gene transcription and/or changes Recovery from Dark Rearing Requires in neuronal structure. The time course is much slower at Least 6 Days than the changes in glutamate receptor subunit expresAbove we showed that the actions of dark rearing on the sion that can be observed in visual cortex within hours light-evoked oscillatory potentials returned to normal of exposure to light following darkness (Quinlan et al., when mice were tested after 15 days in cyclic light. We 1999), but is comparable to recovery of physiological determined whether the suppressive actions that dark cortical function in cats after monocular deprivation rearing had on the rate of spontaneous events in RGCs (Movshon, 1976) . was also reversible and, if so, how long it took to recover. RGC recordings were made from mice after they had been returned to cyclic lighting for various lengths of Discussion time. All the mice were dark reared for the period P5 to
P20. Synaptic activity in RGCs recorded in animals who
We find there is a surge in the rate of spontaneous synaptic inputs to RGCs, which occurs with a delay of had been returned to cyclic light for 2 to 5 days showed no significant difference from age-matched dark-reared about 1 week after eye opening. Surprisingly, dark rearing reduces this surge and also the magnitude of lightcontrols. The rates of neither the sEPSCs nor sIPSCs were changed from dark-reared animals (Figures 5A and evoked responses. The age-related and dark-rearing- The rate of sEPSCs exceeded that of sIPSCs from P10 until ‫ف‬P60. In the P10-P15 group, the average rate of frequency of spontaneous synaptic inputs to RGCs (Figure 3) Based on the dark rearing results in mouse, we conthe observed reduction in synaptic activity in the inner clude that light stimulation enhances evoked responses retina could be a secondary effect that was not related and spontaneous synaptic activity in the inner retina. directly to the lack of visual inputs per se. Several findFuture experiments will be required to ascertain whether ings argue against this possibility. The body weights this increase reflects cellular mechanisms within the preof dark-reared animals closely matched those of agesynaptic terminals or whether it is a manifestation of matched controls. During dark rearing, the animal cages changes in the feedback synaptic circuitry, including and enclosures were adequately ventilated to prevent amacrine cell to bipolar cell synapses, which can control temperature rises of more than 2Њ above ambient room release of neurotransmitter from the bipolar cells to temperature. Histological comparisons of retinas from RGCs. In contrast to inner retina, light appears to dedark-reared to those of cyclic light-reared animals crease synaptic activity in the outer retina, as judged showed no discernible differences (data not shown). If by the augmentation of the b-wave amplitude in darkthe reduction of spontaneous synaptic activity and lightreared animals. This finding suggests that normal cyclic evoked responses of inner retinal neurons merely relighting conditions may cause an extended period of flected a decrease in the responsiveness of the outer light adaptation which desensitizes phototransduction retina or photoreceptors, the b-wave should be smaller and synaptic transmission in the outer retina. as well. However, the dark-reared animals proved to It is still an open question whether the temporal effects have a larger b-wave amplitude (Figure 2) . Therefore, it of dark rearing on retina exhibit a critical period analoseems reasonable to conclude that the suppressive efgous to that found in visual cortex. Future experiments fect of dark rearing on the inner retinal pathways reflects will be required to find the minimal period of dark rearing a decrease in an activity-dependent mechanism that which alters retinal function and to determine whether normally enhances synaptic function. The mouse retinal slice preparation has been described in detail previously (Tian et al., 1998) . Briefly, the eyes were enucleated and hemisected at the ora serata immediately after cervical dislocation. Multielectrode Recording All animals were dark adapted for 30 min before experiments. ImmeThe retina was mounted on filter paper similar to the preparation for the multielectrode recordings (see above). The retina, as well as diately after cervical dislocation, the eyes were enucleated and hemisected at the ora serata under very dim red light illumination. the filter paper, was then cut into 250 m thick slices. All slices were incubated continuously in oxygenated extracellular solution. The cornea, iris, lens, and vitreous were removed from eyes immersed in a Petri dish filled with oxygenated extracellular solution, Single slices were continuously perfused in the recording chamber. Tissue preparation and recordings were performed at room temperwhich contained (in mM) NaCl 124, KCl 2.5, CaCl 2 2, MgCl 2 2, NaH 2 PO 2 1.25, NaHCO 3 26, and glucose 22 (pH 7.35 with 95% O 2 ature (23ЊC) and in normal room light. The recording chamber was mounted on the stage of an upright microscope (Zeiss Axioskop, and 5% CO 2 ). Next, the retina was detached from the eyecup using forceps and placed on a piece of nitrocellulose filter paper (8 m Carl Zeiss, Oberkochen, Germany) and a 40ϫ water immersion objective lens was used for visualizing the retina and the recording pore size, Millipore Corp., Bedford, MA) with photoreceptors on the paper. 
